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1. S W R Y  

The overal l  object ive of t h i s  program i s  t o  def ine the  effects 
of impurit ies,  various thermochemical processes, and any impurity- 
process in t e rac t ions  on t h e  performance of terrestr ia l  s i l i c o n  s o l a r  
c e l l s .  The r e s u l t s  of t h e  study form a bas i s  f o r  s i l i c o n  producers, 

wafer manufacturers, and c e l l  f ab r i ca to r s  t o  develop appropriate cost-  
benefi t  re la t ionships  f o r  t h e  use of less pure, less cos t ly  Solar  Grade 
s i l i c o n .  

We have performed the  first reported determinations of t h e  

segregation coe f f i c i en t s  of tungsten, tantalum,and cobalt  f o r  t he  
Ctochralski pul l ing of s i l i c o n  s i n g l e  c r y s t a l s .  
act ivat ion analysis  was used t o  determine the  metal impurity content of 
t he  s i l i con  (C,) while atomic absorption was used t o  measure t h e  metal 
content of t he  residual  l i qu id  (C,) from which the  doped c r y s t a l s  were 

grown. 

Sensi t ive neutron 

The e f f e c t i v e  segregation coe f f i c i en t s  computed from t h e  re- 
~~ 

-8 -8 l a t i on  keff = CS/CL were kw = 1 . 7 ~ 1 0  
The previously reported value ho = 4 . 5 ~ 1 0 - ~  was a l s o  confirmed. 

, kTa = 2 . 1 ~ 1 0  and kCo = IxlO-’. 

Gettering of Ti-<oped s i l i c o n  wafers improves c e l l  performance 
by 1 t o  2% (absolute) f o r  t he  highest temperatures and longest times. 
HCL i s  more e f f ec t ive  thar Pock3 treatments f o r  deact ivat ing T i  but 
P0Ct3 and HCll produce e s s e n t i a l l y  iden t i ca l  r e s u l t s  f o r  Mo o r  Fe. 
t a i l e d  analysis  by deep level  t r ans i en t  spectroscopy (DLTS) indicates  

t ha t  t h e  performance improvement is due t o  a reduction in  the number of 
a c t i v e  recombination centers not t o  a change in t h e  recombination 
energy level. 

through a s i l i c o n  
region then increases w i t h  dis tance i n t o  the wafer eventually becoming 
constant a t  a value equal t o  tha t  i n  t he  bulk material  before the ge t t e r ing  
operation 

De- 

The reduction i n  t r a p  center  densi ty  is  not uniform 
i f e r ,  but is lowest near the  phosphorus-rich junction 
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The measured p r o f i l e  f o r  T i  centers  formed after an 85OoC 

ge t t e r ing  operation was f i t t e d  by a mathematical expression f o r  t h e  
o u t d i f f u s i o n  of an impiirity species .  
calculated a diffusion constant 
t o  t h a t  extrapolated from high temperature da t a  in t h e  l i t e r a t u r e .  
Gettering da ta  f o r  Mo imply t h a t  t h i s  impurity d i f fuses  much more slowly 
i n  s i l i c o n  than does T i .  

From t h e  f i t  of t he  da t a  we 
2 1 . 2 7 ~ 1 0 - ~ ~  cm /sec, a value c lose  

By means of cel l  performance data  and the  newly-measured 

segregation coe f f i c i en t s  we have computed curves t o  predict  t h e  va r i a t ion  

i n  cell eff ic iency with impurity concentration for Mo, Ta, W, Nb and Co, 

materials commonly employed i n  the  construction of high temperature 
s i l i c o n  processing equipment. 

only modest performance degradation. 
degrade c e l l  performance severely. 

Co behaves much l i k e  Mn and Fe producing 

In con t r a s t  Mo, Ta, W and Nb a l l  

Using da ta  f o r  second and t h i r d  generation n-base ingots  we 
updated 

s i l i con .  
The effect is l a rges t  for  Mo, A l ,  Mn, T i  and V while Fe and C r  behave 
much t h e  same i n  both types of s o l a r  cells .  
degrade n-base devices (apparently by a junction mechanism) more severely 
than p-base cells. 

t he  cel l  performance curves for singleimpuri t ies  i n  n-type 

Most impurit ies degrade n-base cells  less than p-base devices. 

In contrast  N i  and Cu both 
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2 .  INTRODUCTION 

This is the  15th qua r t e r ly  report  describing a c t i v i t i e s  
conducted under JPL Contract 954331. 
e n t i t l e d  "An Investigation of t h e  Effects  o f  Impurit ies and Processing 
on Si l icou Solar  Cells." 

Phase I11 of t h i s  program is 

The objective of t h i s  program is t o  determine how thermal processes, 
impurit ies,  and impurity-process in t e rac t ions  affect the p rope r t i e s  of 
s i l i c o n  and the  performance of terrestrial solar cel ls  made from s i l i c o n .  
The development of t h i s  data  base permits t h e  d e f i n i t i o n  of  t h e  to l e rab le  
impurity l eve l s  i n  a low-cost Solar Grade S i l i con .  

provide the s i l i c o n  manufacturer with a means t o  s e l e c t  mater ia ls  of 
construction which minimize product contamination and permit t he  cost-  
e f f ec t ive  select ion of chemical processes for s i l i c o n  pu r i f i ca t ion .  

t h e  s i l i c o n  ingot,  sheet ,  or ribbon manufacturer, t h e  information indicates  
what s i l i c o n  feedstock pu r i ty  must be selected t o  produce wafers s u i t a b l e  
f o r  c e l l  production and what furnace materials minimize wafer contamination. 
The c e l l  manufacturer may use the impurity-cell  prformance r e l a t ionsh ips  
t o  define an acceptable wafer pu r i ty  f o r  c e l l  f ab r i ca t ion  and the  heat 
treatment data  t o  ident i fy  processes which m i n i m i z e  impurity impact on 
eff ic iency.  
benefi t  analysis t o  t b e  producers and users  of Solar  Grade S i l i con .  

In addi t ion, the da t a  

For 

In sho r t ,  the  impurity data  provide a bas i s  f o r  cost-  

The Phase I11 e f f o r t  encompasses f i v e  major t op ic s ,  several  of 
which represent new d i r ec t ions  f o r  our work: (1) examination of t he  
interact ion of impurit ies with processing treatments,  (2 )  generation of 

a da t a  base and modeling of impurity e f f e c t s  i n  n-base s o l a r  c e l l s ,  (3) 
extension of previous p-base s tud ie s  t o  include impurit ies l i k e l y  t o  be 

introduced during s i l i c o n  production, r e f in ing  o r  c r y s t a l  growth, (4 )  

a consideration of t he  potent ia l  impact of anisotropic  (nonuniform) 
impurity d i s t r ibu t ion  i n  large Czochralski and ribbon s o l a r  c e l l s  and, 
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( 5 )  a preliminary inves t iga t ion  of the  permanence of impurity e f f e c t s  i n  
s i l i con  solar cells .  

During t h i s  past  qua r t e r  experimental a c t i v i t y  proceeded i n  
each of the  f i v e  task areas: (1) The effect of HCIl high temperature 
treatment on the  e lectr ical  a c t i v i t y  sf Ti ,  Mo and Fe was determined; 
de ta i led  ana lys i s  o f  ge t t e r ing  mechanisms .was performed and modeling of  
the  impurity behavior was i n i t i a t e d ,  (2) solar cells on n-base material 
were fabricated and t e s t ed  and model coef f ic ienc ts  f o r  t h e  impurity- 
performance r e l a t ions  were derived, (3) f u r t h e r  da ta  descr ibing the  
effects of Ta, W, Nb, andCo on solar ce l l  performance were gathered and 

analyzed, (4) 7.6 cm diameter ingots  doped with Fe and Cu and 3 t o  4 cm 
wide s i l i c o n  webs doped with Ti and V were grown t o  evaluate t h s  effects 
of poten t ia l  non-uniform impurity dis t r ibut ionsand ( 5 )  aging treatments 
on Ti and Mo doped cells were ext..nded t o  900°C; aging s tud ie s  of Cr-doped 

ingots  were i n i t i a t e d .  

The h ighl ights  or' these s tud ie s  a r e  described i n  t h e  following 

sec t ions  of t he  repor t .  

I 



3. TECHNICAL RESULTS 

3.1 Growth and Evaluation o f  S i l i con  Ingots 

Major ob jec t ives  of t h i s  a c t i v i t y  have been t o  provide ingots  
purposely contaminated with cont ro l led  additions o f  metal impurit ies f o r  

subsequent e l e c t r i c a l  and s o l a r  cell  evaluation and a l s o  t o  assess t h e  
e f f e c t s  o f  impurit ies on ingot microstructure. During t h i s  qua r t e r ,  i n  
addition t o  the  preparation and ana lys i s  o f  t h e  metal-doped Czochralski 
ingots ,  we have a l s o  made the  first d i r e c t  measurements reported f o r  W 

and Ta segregation coe f f i c i en t s ,  updated segregation da ta  for Ma and Co 
and determined the  c r i t i c a l  Nb, C r  and Fe concentrations a t  which t h e  
lo s s  of s ing le  c r y s t a l  s t ruc tu re  occurs. 

3.1.1 Segregation Coefficients of Transi t ion Metals 

As we have pointed out  before,’” conventional spark source 

mass spectrometry (SSMS) and neutron ac t iva t ion  ana ly t i ca l  (NAA) methods 

lack s u f f i c i e n t  s e n s i t i v i t y  t o  de t ec t  elements such as W ,  Ta, and Mo 
which, because o f  t h e i r  r e l a t i v e l y  small segregation coe f f i c i en t s ,  are 
present only at low leve ls  i n  s i l i c o n  s i n g l e  c r y s t a l s .  
elements even a t  low concentrations have profound effects on s o l a r  c e l l  
performance. ”* A fourth element, Co, can be detected by SSPlS but t he  
ana lys i s  of t he  da ta  i s  hindered by the  background from nearby s i l i c o n  

l i nes .  
employed but t h i s  approach increases t h e  uncertainty i n  the  ana ly t i ca l  
r e s u l t .  For t h i s  reason ingots  bearing these impur i t ies  were subjected 
t o  sens i t i ve  NAA a t  the  Kraftwerk Union. ’ We give here  a preliminary 

report  of t he  da ta ;  a more de t a i l ed  evaluation w i l l  follow. 

Neverthe . x s ,  these  

Special techniques t o  e x t r a c t  the  concentration data can be 
3 

In Table 1 2re compiled, the  most cur ren t  values we have derived 

f o r  the segregation coe f f i c i en t s  of impurity elements i n  s i l i c o n  c r y s t a l s  
produced by Czochralski pu l l ing .  With the  exception of No, Ta, W, Co 
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and Nb, the  data represent t he  weighted averages of  many samples analyzed 

by SSMS, conventional NAA and sens i t i ve  
analyt ical  data points both from Kraftwerk Union (and i n  c lose agreement 
with each other) were used t o  derive the  value kM0=4.5x10-8 For Ta and 
W t h e  values kTa=2.1x10-8 and kW=1.7x10 
basis  of  one analyt ical  rieasurement by s e n s i t i v e  NAA. The similarities 
i n  magnitude f o r  t he  segregation coe f f i c i en t s  of Mo, Ta, and W might be 
expected on the bas i s  of t h e  proximity . : I  t h e  elements i n  the Periodic 
Table, a f ac t  which gives f u r t h e r  c r e d i b i l i t y  t o  the  ana ly t i ca l  r e s u l t .  

In the  case of Mo two 

-8 a r e  each calculated on t h e  

Previously we had derived a value of 3 . 7 ~ 1 0 - ~  f o r  the segregation 
coeff ic ient  of Co i n  s i l i c o n .  The r e s u l t  was somewhat compr3mised by 
the  high s i l i c o n  background on t h e  SSMS p la t e .3  Sensi t ive NAA places 
the  Co segregation coe f f i c i en t  a t  lxlO-’ as l i s t e d  i n  Tsble 1. 

adop’sd the l a t t e r  r e s u l t ,  based on our judgement of t he  r e l a t i v e  

unce r t a in t i e s  i n  the SSMS and NPA values. Moreover, t h e  new value for 
Co i s  more consis tent  with t h e  segregation coe f f i c i en t s  of  Mn, Fe, and 
N i  t o  which Co is  chemically similar. 

We 

Finally,we have estimated a value of about lo-’ f o r  Nb based 
primarily on its posi t ion r e l a t i v e  t o  Ta and V ,  i t s  neighbors i n  t h e  
Periodic Table. 
the most hravi ly  doped ingot,  W-167. 
1 . 5 ~ 1 0 ~ ~  
growth +-:e t o  increase the Nb concentration without cawing  ingot 

s t ruc tu re  breakdown). 

(We have not yet been able  t o  de t ec t  Nb by SSMS i n  even 

T h i s  places an upper l i m i t  of 
on the ingot concentration. We plan t o  attempt a slower 

3.i.2 Ingot Structural  Breakdown Via Consti tutional Supercooling 

We continue t o  compile data r e l a t i n g  ingot s t ruc tu re  t o  the  
contamination level of the s i l i c o n  feedstock from which t h e  ingot i s  
grown. 
cost-benefit  tradeoff f o r  s o l a r  grades of s i l i c o n  (see, e.g.  Reference 1) .  

This information w i l l  be used i n  a de t a i l ed  assessment of t he  

6 



Table 1,. Segregation Coef f icieats 

Element 

Al 
B 
C 

ea 
CU 
Cr 
Fe 

Wl 

no 
m 

Ni 
Ph 

Ta 
Ti 
v 
Zn 
Zr 
co 

w 
Nb 

Segregation Coefficient 

3 (2.8 
0.8 

0.05 

? 

8.0 

1.1 

6.4 x 10" 

3.2 x 10" 
1.3 

3.2 
4.5 x 

0.35 

2.1 x 

2.0 x 

4 x 

IO+ 
<l.6 x 

1.7 x lo'* 
1.0 

% IO-' 
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I t  is well es tab l i shed  t h a t  when the  l iqu id  impurity 

cons t i tu t iona l  supercooling"' t o  a ce l lu l a r -po lyc rys t a l l i ne  

* 
concentration exceeds a c r i t i c a l  value Ck s ing le  c r y s t a l  s t ruc tu re  breaks 
down v ia  
morphology. 
reduces a t  c r t i c a l  concentration f o r  t h e  onset of  s t ruc tu ra l  degradatian.  

Increasing t h e  c rys t a l  pul l ing rate o r  t he  c r y s t a l  diameter 

In Figure 1, we show curves describing the  expected va r i a t ion  * 
i n  C with growth speed overlaid with measured da ta  f o r  ingots  doped with 
Nb, Cr and F e ,  respect ively.  
the  t r ans i t i on  t o  c e l l u l a r  structure occurs a t  i m w r i t v  concentrations i n  

c 
As f o r  o ther  impuri t ies  we have s tudied,  

1 ,2  the mid 1020cm-3 range. Note the  data  point fo r  Fe (ingot W-273) i s  
for a 3.8 cm radius ingot and falls  below the points  f o r  t he  1.6 cm 
ingots bearing Nb and Cr. 
thermal gradient i n  t h e  la rger  size ingots .  

This would be expected due t o  t h e  reduced 

3.1.3 Ingot Preparation 

Sixteen ingots  (W172 t o  W188, inclusive)  were grown by Czochralski 
pul l ing during t h i s  quar te r ,  using the same techniques and conditions 

described i n  previous reports .  "* 
fourth generation ingots  doped with boron and e i t h e r  Co, Nb, Ta or W t o  
assess t h e  impact of mater ia ls  of construction on s o l a r  cel l  performance. 
The r e s t  of the  ingots were designated €or compensation s tudies ,  ge t t e r ing  
and heat t r e a t i n g  experiments and t o  complete our data  base on impurity 
e f f e c t s  i n  n-base s i l i con  s o l a r  c e l l s .  

Six of these were second, t h i r d  and 

As i n  the  past we have col lected t h e  ana ly t ica l  data  f o r  a l l  

ingots i n  AprJendix 1. Listed there  a re  the ingots ,  t he  t a rge t  impurity 
concentrations,  impurity concentrations based on melt analyses and 
measured impurity concentrations (SSMS) . 2 ' 4  

estimate of t he  impurity concentration i n  each of  t h e  inpots grown f o r  t h e  

Phase I 1 1  study. Note tha t  these estimates have been revised t o  r e f l e c t  
the new values f o r  the segregation coef f ic ien ts  of  W, Co, and Ta. The 
estimated Nb concentrations a re  based on the assumption kyb%lO-i. 

Table 2 l j s t s  o u r  best  
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Table 2 .  Best Estimate of Inpurity Concentrations 

Ingot Identification 

W-129-00-000 (7.6 cm) 

W-130-00-000 (7.6 cm) 

W-131-Mn-008 (7.6 cm) 

W-132-Ta-003 

W-133-00-000 

W-134-Ti-009 

W-135-Fe-005 

W-136 -Fe-006 

W-137-Ti-010 

W-138-Mo-005 

W-139-Mo-006 

W-140-Ti-001 (7.6 cm) 

W - ~ ~ ~ - M O / C U - O O ~  

W*-142-00-000 

W*-143-Ti-002 

W-144-Mo-001 

W-145-W-001 

W-146-C0-001 

W-147-N/Ni-002 

W-148-N/Mn-002 

1;-149-N/Fe-003 

W-150-N/V-O03 

W**-l51-00-000 

W**-152-Ti-001 

W-l53-N/Ti-003 

Best Estimate of 
Impurit Concentration 

(mor5 atoms/cma) 

N4 

NA 

0.55 

0.000042 

NA 

0.03 

0.T8 

0.24 

0.21 

0.001 

0.0042 

0.18 

0.004/4.00 

NA 

0.20 

0.004 

0.00085 

1.5 

0.33 

0.60 

0.60 

0.03 

NA 

0.21 

0.013 
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Table 2. Best Estimate of Impurity Concentrations (Continued) 

Ingot Identification 

W-l%-N/Cr -003 
W-lSS-N/Hr -001 
W-lSb-N.'?:3-002 
W-15 7-N/'l'i/V-O01 
W-158 - N/'L'i/V/Cr-001 
W-159-N/Cr/Mn/Ti/V-001 
W*- 160- Ti -001 
W**-161-T .-002 
W-I 62-Nil l'i-001 
W-1 t. 3 -Ni /Y-OOl 
W-16G-Ni/M0-001 
W-165-C0-002 
W-166-Fe-007 
W-167-rib-001 
Wf -168-Ph-002 
W*-169-Ph-004 
W-17 0-E '1-005 

W-171-W-002 
W-172-CU-006 (7.6 ~ m )  

W-173-Fe-008 (7.6 cm) 
W-174-Ta-004 
W-175-W-003 
W-176-00-003 
W-177 -N/Cr /Mn-OOl 
W-178-N/Mn/Ti-001 
W*-179-Ph-006 
W*-l8O-TI--Of 

W-181-Cr-ud6 

W - 18 2 - -00 7 
W-183-Nb-002 

Best Estimate of 
Impuri ti Concen txa tions 

(X 10 5 ataas/cm3) 

0.50 
0.001 
0.004 

0.08/0.12 
0.05/0.05/0.55 

0.35/0.32/0.02/0.02 
0.17 
0.03 

1.2110.16 
1.0/0.44 
1.23/0.004 
0.3 
1.06 
0.01-H 

lloc 
136+ 
15w 
0.0015 

24 
0.51 

- 0.00084 
0.00027 
NA 

1.20/1.26 
0.86/0.08 

NA 
0.13 
1.04 

0.45 

0.0024-t 

11 



Table 2. Best Estimate of Impurity Concentrations (Continued) 

Ingot Identification 

W-184-Pd-001 
W-185-C~/Ti-004 
W-186-C0-003 
W-187-C0-004 

Best Estimate of 
Impurity Concentrations 

(X atoms/cm3) 

Processing 
Processing 
Processing 
Processing 

* Asterisk indicates low resistivity p-type ingot (I 1 ohm-cm) 
** 30 ohm-cm p-type ingot 
+ Value based on resistivity measurement 
i-t Assumed k value near 1 x 10-7 

12 



3.1.4 Ingot Evaluation 
. .. -.- 

The r e s i s t i v i t y  and e tch  p i t  densi ty  f o r  each ingot continue t o  
f a l l  c lose  t o  the norms establ ished i n  Phases I and I1 of t h i s  program. 
The r e s i s t i v i t y  and etch p i t  data  f o r  ingots  W-129 through W-187 are 
l i s t e d  i n  Table 3. 

The carbon and oxygen concentrations of each odd numbered ingot 
were measured by inf ra red  absorption. 
peaks a t  606 cm-l and 1107 cm'l is  proportional t o  the  carbon and oxygen 
concentrations,  respectively.  The constants of propor t iona l i ty  used i n  
these measurements were 2 . 2  f o r  carbon and 9.6 f o r  oxygen . 
normal carbon and oxygen concentrations i n  Czochralski-grown material 
range from 2.5  to50x10 
atoms/cm3 fo r  oxygen; no s ign i f i can t  deviat ions from these values 

observed i n  the  ingots  produced t h i s  quar te r ,  v iz .  Table 4. 

The amplitude o f  t h e  absorption 

2 We note t h a t  

16 16 atoms/cm3 f o r  carbon,and from 5 t o  150 x 10 

were 

3.2 Processing Studies 

Elevated temperature treatment of con taminat ed s i  1 icon wafers 
i n  an ambient bearing POCE 
deact ivate ,  o r  ge t t e r ,  the  impuri t ies  a f te r  an ingot is grown. Thus we 
may improve the  performance of s o l a r  cel ls  fabricated from s o l a r  grades 
of s i l i c o n  with an appropriate  thermochemical process. We have car r ied  

out a series of experiments t o  de l inea te  t h e  time-temperature and chemical 
species  response f o r  a number of  impurit ies which degrade cel l  performance. 
The improvements i n  c e l l  performance f o r  POCE 

p r e v i ~ u s l y ; ~  recent r e s u l t s  i n  which HCl1 was employed t o  e f f e c t  ge t t e r ing  
are discussed here. 
de ta i led  examinations of these  r e s u l t s  by deep leve l  t r ans i en t  spectroscopy 

(DLTS), and model ca lcu la t ions  of impurity ge t te r ing .  

o r  HCE provides one way t o  e l ec t ron ica l ly  3 

treatments were described 3 

We a l s o  report  some extensions t o  the  P0CE3 experiments; 

3 . 2 . 1  Thermochemical Behavior of Impurities i n  S i l icon  

3 . 2 . 1 . 1  Impurity Gettering by High Temperature HCR Treatment 

Our f i r s t  experiments with HCR a s  a ge t t e r ing  medium u t i l i z e d  
3 

t h e  same f ive  impurity-doped ingots  as  i n  the POCR invest igat ions:  3 

13 



Table 3 Resistivity and Etch Pit Density 

Ingot 
Identification 

W-129-00-000 (7.6 cm) 
W-130-00-000 (7.6 cm) 

W-131-Ha-008 (7=6 cm) 
W-13;-Ta-3u3 
W-13 3-00-0ol~ 
W-134-Ti-009 
W-135-Fe-005 
W-136-Fe-006 
W-137-Ti-010 
W-138-H0-005 
W-139-M0-006 
W-140-Ti-011 (7.6 cm) 
W-141-M0/C~-001 
W*-142-00-000 
W*-143-Ti-002 
W*-144-M0-001 
W-145-W-001 
W-146-C0-001 
W-147-N/Ni-002 
W-148-N/Mn-002 
W-149-N/Fe-003 
W-150-N/V-003 
G: * t-151-00-000 
W*+ -152-Ti-001 
W-153-N/Ti-003 
W-154-N/Cr-003 
f -155-~/~0-001 
W-156-N/M0-002 
W-157-N/Ti/V-O01 
W-158-N/Ti/V/Cr-001 
W-159-N/Cr/Mn/Ti/V-OOl 

of Phase 

TGT 
Resistivity 

(ohm-cm) 

4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 

4.0 (B) 
0.2 (B) 
0.2 (B) 
0.2 (B) 

4 (B) 
4 0)  
1.5 (P) 
1.5 (P) 
1.5 (P) 
1.5 (P) 

30 (B)  

30 (B)  
1.5 (P) 
1.5 (P) 
1.5 (P) 
1.5 (P) 
1.5 (P) 
1.5 (P) 
1.5 (P) 

111 Ingots 

Actual 
Resistivity 

(ohm-cm) 

4.7-3.0 
4.7-3.7 
6.0-3.8 
3.8-3.4 
4.3-3.7 
4.9-4.4 
5.3-2.1 
3.3-2.7 
4.6-4.4 
5.0-4.1 
4.0-2.3 
3.6-1.7 
4.7-3.0 
0.22-0.20 
0.21-0.15 
0.23-0.19 
4.5-4 .O 

4.7-4.2 
1 9-1.4 
2.5-2.1 
2.011.6 
2.0-1.5 

35.6-18.1 
31 9-25 
2 1-1.1 
2.1-1.4 
1.9-1.8 
1.7-1.3 
2.0-1.6 
2.1-1.6 
2.0-1.8 

Etch' 
Pit Density 

( /cm2) 

1 K-Gross Lineage 
OK-Gross Lineage 
OK-Gross Lineage 
1-2OK 
OK-Gross Lineage 
0-10K 
O-Gross Lineage 
1K-Gross Lineage 
0-Gross Lineage 
0-5K 
0-Gross Lineage 
5K-Gross Lineage 
2K-Gross Lineage 
0-3K 
0-Gross Poly 
0-Gross Poly 
2K-Gross Poly 
1K-Gross Poly 
2-15K 
1K-Gross Poly 
3K-Gross Poly 
1-SK 
0-5K 
0-Gross Poly 
0-10K 
3K-10K 
1-4K 
3K-Gross Poly 
1-10K 
1K-gross Lineage 
1-2K 
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Table 3 Resistivity and Etch Pit Density 
of Phase I11 Ingots (Continued) 

Identification 

W*-160-Ti-001 
W**-161-Ti-002 
W-162-Ni/Ti-001 
W-163-Ni/V-001 
W-l64-Ni/M0 -001 
W-165-C0-002 
W-166-Fe-007 
W-167-Nb-001 
W*-168-Ph-002 
W*-16 9-Ph-004 
W-170-Ph-005 
W-171-W-002 
W-172-Cu-006 (7.6 cm) 
W-173-Fe-008 (7.6 an) 
W-174-Ta-004 
W-175-W-003 
W-176-00-000 
W-17 7 -N/Cr/Mn-001 
W-178-N/Mn/Ti-001 
W*-17 9-Ph-006 
W*-180-Ti-001 
W-181-Cr-006 
W-182-Cr-007 
W-183-Nb-002 
W-184-Pd-001 
W-l85-Cu/Ti -004 
W-186-C0-003 
W-187-C0-004 

TGT 
Resistivity 

( O h - C U I )  

1.0 (B) 

30 (B) 
4.0 (B) 

4.0 (B) 
4.0 (B) 
4.0 (B) 

4.0 (B) 
4.0 (B) 
0.5 (B) 
1.0 (B) 
2.9 (B) 

4.0 (B) 
4.0 (B) 
4.0 (B) 

4.0 (B) 
4.0 (B) 
2.0 (P) 
2.0 (P) 
2.0 (P) 
0.35 (B) 
0.5 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 
4.0 (B) 

Actual 
Resistivity 

(OhlD’CUI) 

1.3-1.0 
31.8-21.7 
4.5-4.0 
4.8-4.4 
4.7-3.2 
4.5-3.8 
4.7-3.0 
4.0-5.7 
0.41-0.50 
0.9-1.4 
1.1-2 
4.3-4.1 
3.4-2.7 
5.9-3.6 
4.3-3.8 
4.1-3.3 
2.0-1.3 
2.2-1.4 
2.1-1.7 
0.3-0.3 
0.51-0.49 
5.4-4.0 
4.2-3.6 
3.6-2.9 
4.2-3.9 
4.7-4.6 
4.1-3.7 
3.8-2 - 9  

Etch+ 
Pit Den 9, l t y  

( 

2-8K 
1-15K 

OK-Clusters 
1K-Clusters 
OK-Clusters - 

0-5K 
OK-Gross Lineage 
OK-Poly 
3-10K 

OK 
1-3K 
0-2K 
0-10K 
3K-Poly 
OK-Twin 
0-10K 
OK 

OK-Poly 
2K-Poly 
0-2K 
2-5K 

OK Clusters 
0-4K 
0-5K 
0-4K 
0-Poly 
0-2K 

Processing 

see key on next page 
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Table 3 R e s i s t i v i t y  and Etch P i t  Density 
of Phase I11 Ingots  (Continued) 

* Low r e s i s t i v i t y  p-type ingot  (51 ohm-cm) 

** Use of double a s t e r i s k  i n d i c a t e s  30 ohm-cm p-type ingot .  

+ The f i r s t  f i g u r e  is e t c h  p i t  dens i ty  of t he  seed; second f igu re  e t ch  
p i t  dens i ty  of extreme tang end of ingot .  
i nd ica t ive  of d i s loca t ion  dens i ty  i n  slices used f o r  c e l l  fabr ica t ion .  
S t ruc tu ra l  degradation commonly occurs  a t  the  tang end of t he  most 
heavily-doped ingots  due t o  c o n s t i t u t i o n a l  supercooling. (1) 

The f i r s t  value shown is 
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Table 4 Carbon and Oxygen Concentrations 

of Phase I11 Ingots 

Ingot Number 

w-129-00-000 

W- 1 3 1 -Mn-008 
W-133-00-000 
W-135 -Fe -005 

U-137-Ti-010 

W-139-M0-006 

W-14 l-No/Cu-001 

W! 14 3-Ti-00 2 

W-145-W-001 

W-147-N/Ni-002 

W-149-N/Fe-003 

W*!151-00-000 (30n-cm) 

W-15 3-N/Ti-001 
W-155-N/M0-001 

W-157-N/Ti/V-O01 
W-l59-N/Cr-Mn/Ti/V-ool 

W**-161-Ti-002 

W-163-Ni/V-001 
W-165-C0-002 

W-167-Nb-001 

W*-169-Ph-004 
W-171-W-002 
W-173-Fe-008 
W-175-W-003 
W-177-N/Cr/Mn-001 
W*-179-Ph-006 
W-181-Cr-006 
W-183-Nb-002 
W-185-C~/Ti-004 
W-187-C0/-004 

Carbon Concentration 
x 10’6 atoms/cm3 

11.3 
5.3 
10.4 

I 9.4 

5.3 

6.5 

8.3 
i+ 

5.8 

14 .O 

6.6 
7.0 

7.5 
9.2 

5.7 
8.7 
6.0 

5.0 
11.2 

6.0 
14 
10 

Incomplete 
10 
8 

U 

8 
6 

5 

Processing 

Oxygen Concentration 
x 1016 atoms/cmJ 

202 
16 4 
117 
118 

134 

149 

156 

++ 
149 

15 7 

15 1 
154 

16 0 
183 
103 
183 

138 
128 
106 

130 
96 
86 

In corn p 1 e t e 
158 
150 
i-t 

119 
35 
39 

Processing 

* low resistivity ingot 
** high resistivity ingot 
+ Due to free carrier absorption infrared methods cannot be used for 

carbon and oxygen determination in these samples. 
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W 134 Ti  009 

W 137 T i  010 
W 138 Mo 005 

W 139 Mo 006 

W 136 Fe 006 

This approach f a c i l i t a t e s  comparison o f  the cel l  performance-gettering 
data  from both types of experiments. 

3 The experimental approach was similar t o  t h a t  employed before. 
We subjected impurity-doped and uncontaminated basel ine (Ingot WO97) 
wafers t o  various time/temperature cycles i n  the presence of a 1% HCL-02 
gas. 

temperature i n  order t o  preserve t h e  bulk recombination lifetime. 
get tered surface was etched from t h e  wafers, and each was made i n t o  a 
s o l a r  c e l l  v i a  our standard processlS2 Testing the  devices and analysis  

of t he  data  completed the  experiment. 

After heat  treatments, t h e  wafers were! cooled slowly t o  ambient 

The 

So far wafers from the f i v e  impurity-doped ingots  have been 
subjected t o  four  thermal treatments: 1 hour a t  1000°C and 1, 2 and 4 

hours, respect ively a t  l l O O ° C .  

compiled i n  Tables 5 t o  9 respectively.  
e a s i l y  visualized with the  a i d  of Figures 2 and 3, i n  which t h e  normalized 
s o l a r  c e l l  eff ic iency,  n/n basel ine,  is p lo t t ed  as a function o f  ge t t e r ing  
temperature and ge t t e r ing  time, respectively.  

The experimental da t a  f o r  each ingot are 
The t rends of  t h e  da t a  are more 

I t  i s  c l e a r  t h a t  as ge t t e r ing  temperature (for a f ixed time) i s  
r a i sed , ce l l  performance improves, Figure 2. 
t o  the behavior observed when POCa3 was the  ge t t e r ing  ambient3 

a l so  expect extending the ge t t e r ing  time a t  constant temperature t o  have 
a sim-lar e f f e c t .  T h i s  i s  t r u e  i f  one considers t h e  extreme times, 
Figure 3. The downward curvatare i n  
t h i s  p l o t  i s  yet t o  be explained and is inconsis tent  with earlier P0Ct3 

experiments. 
ur,derway i n  an e f f o r t  t o  understand the  apparent anomaly i n  isothermal 

data.  

This is a r e s u l t  very similar 
We would 

However the curves d ip  a t  2 hours. 

Decp level  spe-troscopic and dark I - V  measurements a re  

18 
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TABLE 5 

HCR GETTERING OF TI-DOPED SILICON 

Wl34Ti009 Ingot 
W097000 Baseline 

I S C ( W  voc (VI FF rl (%I focd (use4 
f 

1 HR @ 1000°C 

Base 

Ingot 

Ingot/Base 

21.55 -552 ,733 9.20 4.0 

17.91 .S20 .704 6.94 .s 

-831 .942 -960 .754 -13 

3 

1 HR @ llo@oc 

Base 21.40 .543 -683 8.39 2 . 1  

Ingot 18.04 .515 -690 6.77 .4  

Ingot /Base -843 .948 1.01 -807 -19 

2 HRS. @ l l O O ° C  

Base 

Ingot 

Ingot/Base 

22.10 .556 .742 9 -63 5 .O 

18.58 .526 .705 7.37 .5 

-841 .946 -950 .765 .10 

4 HRS. @ llOO°C 

Base 22.00 .558 .718 9.33 4 .5  

Ingot 18.97 .533 .719 7.60 . 7  

In got /Bas e .86 .9s5 1.00 .a15 .15  
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TABLE 6 

HCk GETI'ERING OF TI-DOPED SILICON 

W137Ti-010 Ingot 
W097000 Baseline 

FF n 

1 HR. @ 1000°C 

Base 

Ingot 

Ingot/Base 

22.23 553 -631 8.98 3.97 

16.31 -501 .695 6.00 0.84 

0.734 .906 1-01 .668 .211 

1 HR. @ l l O O ° C  

Base 

Ingot 

Ingot /Base 

21.2 .540 .668 8.09 2.08 

16.3 ,498 .689 5.92 .58 

-769 .922 1.03 .731 .279 

Base 22.17 .558 . 7 6 '  9.77 4.46 

Ingot 16.93 .511 .708 6.47 .60 

Ingot /Base .764 .916 .948 .662 .135 

4 HRS. @ l l O O ° C  

Base 21.8 .558 .748 9.61 4.75 

Ingot 17.28 .515 .700 6.58 .44 

In got /Base .793 ,923 .936 .685 .093 
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TABLE 7 

HCll GETTERING OF MO-DOPED SILICON 

W138Mo-005 Ingot 

W097000 Baseline 

FF n 

~~ ~ 

1 HR @ 1000°C 

Base 

Ingot 

Ingot/Base 

21.30 .548 .735 9.07 3.25 

20.29 .524 -707 7.95 .95 

-953 -956 -962 -877 -291 

1 HR @ llOO°C 

Base 

Ingot 

Ingot/Base 

21.50 -546 -693 8.60 3.06 

20.09 .521 -706 7.83 1.04 

.934 -954 1.02 .910 .339 

2 HRS. @ llOO°C 

Base 

Ingot 

Ingot /Base 

22.40 .559 -729 9.65 4 -94 

20.37 .528 .719 8.19 .94 

.go9 * 949 -986 .849 .192 

4 HRS. @ llOO°C 

Base 

Ingot 

Ingot/Base 

21.70 .554 7 27 9.24 4.03 

20.21 .528 .707 7.99 .92 

.933 .953 .972 ,862 .2r9 
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TABLE 8 

HCP GMTERING OF HD-DOPED SILICON 

W139Ho-006 Ingot 
WO97000 Baseline 

1 HR c l0OO0C 

Base 

Ingot 

fngot/Base 

21.60 . sso .722 9.04 3.58 

18.09 -501 .666 6.39 .s3 

.838 -911 .922 .707 .149 

Base 

Ingot 

Ingot /Base 

21.75 .552 .736 9.33 4.7s 

18.56 . SO6 -706 7.01 .74 

.853 .917 .9s9 .751 -156 

2 HRS. c l1OO0C 

Base 

Ingot 

Ingot /Base 

22.70 .S63 .750 10.14 5.20 

18 -65 I508 .700 7.02 .69 

.822 .902 .933 .692 .133 

_ _  ~ ~ 

4 HRS. C llOO°C 

Base 21.80 ,553 .721 9.19 4.30 

Ingot 18.21 .SO8 .672 6.60 .541 

Ingot/Base .836 ,919 ,932 ,718 .I26 
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HClL GETTERINC OF Fe-DOPED SILICON 

N136FE-006 Ingot 

wO97000 Baseline 

FF rl 

1 HR @ 1000°C 

Base 22.00 -550 .73) 9.20 4 -0 

Ingot 21 -95 .!is3 .711 9.12 3.6 

Ingot/base .998 1.01 .974 .991 * 90 

1 HR @ ll0O0C 

Base 

Ingot 

IngotjBase 

21.65 .549 .715 8.97 4.0 

21.65 .549 .726 9.13 3.4 

1 .oo 1 .oo 1.01 i -02  .85 

2 HRS. @ ll0O0C 

Base 

lngot 

Ingot/Base 

22.0 .556 -746 9.78 4.5 

22.02 .562 * 739 9.66 4.5 

1-00 1.01 .978 .9a8 1 .o 

~~ 

4 HE. @ llOO°C 

Base 

Ingot 

Ingot/Base 

21.65 ,557 ,741 9.46 4.5 

21 .SO .558 .738 9.36  3 . 5  

.993,  1 .oo .996 ,989 , 778  
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The most s ign i f i can t  aspect  of t h e  HCll g e t t e r i n g  study becomes 
apparent when the  HCL da ta  and POCLf da ta  are compared 2s i n  Figure 4. 

A t  any given temperature the  HCL treatment is considerably more e f f e c t i v e  

i n  reducing t h e  harmful e f f e c t s  of T i  than is w C L 3 .  

HCL get te red  Ti-bearing c e l l s  are a f u l l  1% (absolute) more e f f i c i e n t  
than cells subjected to POCL3 treatment. 
treatments give similar r e s u l t s  when e i t h e r  Mo or Fe are being get tered.  

Future s tud ies  w i l l  be aimed a t  ident i fy ing  t h e  reasons for  t h e  d i f fe rences  
i n  impurity response and also extending the  ranges of times and terapera- 

t u r e s  for HCE get te r ing .  

On t h e  average t h e  

In  con t r a s t  HC2 and POCLs 

As part of  t h e  HC& study a complementary set of experiments was 
ca r r i ed  out to  evaluate  the  combined effect of back sur face  damage and 

HCL treatment on c e l l  perforsance. 

enhanced the  e f fec t iveness  of HCE get te r ing .  Thus.one h a l f  t he  wafers 
i n  each run were lapped on one s ide  with S i c  g r i t  p r i o r  t o  thermal treatment. 
We found no s ign i f i can t  d i f fe rence  i n  performance between c e l l s  made on 
t h e  damaged and undamaged wafers. 
Figures 2 t o  4 are t h e  averages for a l l  c e l l s  i n  a group. 

Previous da ta  suggested t h a t  damage 

- 
Thus t h e  data  i n  Tables 5 t o  9 and 

3.2.1.2 Extension of POCE, Getter ing Studies  

Earlier w e  showed t h a t  for POCL3 ge t t e r ing ,  increasing the  

" 

ge t t e r ing  time (constant temperature) or ge t t e r ing  temperature ( f ixed  
time) improved the  performance of T i  and Fe doped s o l a r  c e l l s ;  Mo-doped 
cells were only s l i g h t l y  affected.  
temperature was l l O O ° C  and the  longest durat ion 4 hours. 

In these  experiments t h e  maximum 

To improve extrapolat ions of t h e  da t a  t o  wider temperature ranges 

we continued the  WCR3 s tudies  by t r e a t i n g  Ti-doped wafers f o r  1 hour 
a t  12OO0C. 
0.58 from 0.51, t h e  value f o r  a 1 hour treatment at  l l O O ° C .  When the  

new data  point  is p lo t t ed  on Figure2 of Reference 3 it f a l l s  on a smooth 
extension of t h e  curve f o r  ingot.Wl37 T i .  Apparently t h e  same ge t t e r ing  

mechanism preva i l s  over t h e  in t e rva l  from 85O0C ( c e l l  d i f fus ion)  t o  1 2 O O O C .  

Following t h e  treatment normalized c e l l  e f f i c i ency  rose t o  
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Figure 4 Comparison of normalized efficiency for isochronal POCLs 
and HCll gettering (1 hwr) 
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3.2.2 Detailed Analysis of POcE, Gettering by Deep Level Spectroscopy 

3.2.2.1 Ti-doped S i l i con  

In the las t  qua r t e r ly  report w e  analyzed by DLTS the  PWL3 

The 14 -3 ge t t e r ing  of ingot W137Tib a c r y s t a l  doped with 2x10 cm 
ge t t e r ing  treatments ranged from 1 hour a t  9SO°C t o  5 hours a t  1 lCo"C.  
Since then we have completed DLTS measurements on wafers from t h e  as-grown 

ingot and solar cells without any ge t t e r ing .  To accomplish t h e  measure- 
ments t h i r t y  m i l  diameter Ti-Au Schottky b a r r i e r  diodes were fabricated 
on t h e  as-grown material. 
earlier ge t t e r ing  da ta  i n  Table 10. 

The rec.wt r e s u l t s  are compared with t h e  

We had e s t ab l i shed  previously t h a t  P0Ct3 g e t t e r i n g  improved 

solar cell  performance primarily by reducing t h e  ac t ive  T i  concentration 
(near t h e  junction),  not by a l t e r i n g  t h e  s ta te  of the  Ti-induced 
recombination cen te r  a t  EV+0.30eV. We f ind t h a t  t h e  a c t i v e  T i  concentration 
i n  the  as-grown wafer is about 7x10~' cm-3b or nearly a f a c t o r o f  3 less than 
t h e  metallurgical T i  concentration. In con t r a s t  the a c t i v e  Ti  concentration 
i n  the  s o l a r  c e l l  (near t h e  junction) is only 1 . 7 6 ~ 1 0 ~ '  ~ m ' ~  (Table l o ) ,  

a f u r t h e r  reduction of about a f a c t o r  o f  4 i n  a c t i v i t y .  
t h a t  8 X o C  P0Cg3 diffusion used f o r  cell  f ab r i ca t ion  acts is an e f f e c t i v e  
ge t t e r ing  s t e p  per se fo r  T i .  

This i nd ica t e s  

As t h e  ge t t e r ing  i n t e n s i t y  is increased from 950°C/J h r .  t o  

llOO°C/S h r s  (p r io r  t o  cell fabr icat ion)  t h e  a c t i v e  concentration decreases 
systematically from 6 . 3 5 ~ 1 0 ~ ~  t o  1 .49~10  cm . Again we stress 
the need t o  recognize t h a t  DLTS measures the  ac t ive  impurity concentration 
in  the  depletion region,i .e.near t h e  junction. 
impurity p r o f i l e  in the  wafer then the  measured NT w i l l  not represent t he  
t r u e  ac t ive  cen te r  densi ty  throughout t h e  bulk. 

r e l a t ed  t o  the  t o t a l  number of recombination centers  i n  the e n t i r e  wafer. 

12 - 3  

I f  getterirgproduces an 

However, NT w i l l  be 
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T A W  10 

srariation in cell efficiency and t n p  concentration h) 8s 8 function 
of gcttering treatment fOT Ingot 137 (origin81 ~rstrllurgical Ti comceno 

14 -3 tration, 2.ox10 Q 1 

None (starting wafer) 

Sone (solar cell) 42.8 

95O'C/l hr. 

1000°C/l hr. 

l l O O e C / l  hr. 

1100°C/2 hr. 

11OO0C/3 hr. 

1 100°C/S hr. 

46 .? 

51 .o 

52.9 

55.4 

59.1 

66.2 

7 ' 0 ~ 1 0 ~ ~  - 
1 .76x1013 

6. 35x101* 

3 .94x1Or2 

2 .99x10l2 

I 

2s0x1012 

2.39~10~' 

1.49~10~~ 
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For t h i s  reason we attempted t o  determine t h e  concentration 

p r o f i l e  of e l e c t r i c a l l y  ac t ive  T i  species  i n  the  as-grown wafer and 
also i n  s o l a r  c e l l s  subjected t o  no in t en t iona l  ge t te r ing .  
was ca r r i ed  out  as follows. 
mesa were divided i n t o  5 pieces. 
i n  depth from 2 t o  10 pm. 

instrument ( the  corner of each fragment, protected byapiezon wax 
remained unetched and served as a reference l eve l ) .  

The experiment 
The unprocessed wafer and t h e  solar cell 

On each p iece  we etched s t e p s  ranging 
The s t e p  heights  were measured with a Taly-step 

The data, Table l l a n d  Figure 5, show t h a t  t he re  is a f la t  
T i  concentration p r o f i l e  i n  the  as-grown wafer, with an average concentration 

of 7 x 1 0 ~ ~  ~ m - ~ .  Hcwever, i n  t h e  cell  fabr ica ted  from a similar as- 
grown wafer t he re  is a steep p ro f i l e .  
junction 
a value of Q, 7 x 1 0 ~ ~  

following d i f fus ion  t o  form a s o l a r  c e l l ,  t h e  majority of  t h e  bulk wafer 
(I, 250 pm) remains r e l a t i v e l y  unaffected, but t h e  a c t i v e  cen te r  dens i ty  
within 10 vm of t he  sur face  diminishes subs t an t i a l ly .  About 70% of the  
s o l a r  rad ia t ion  is absorbed i n  t h a t  first 10 pm thick region. 
we expect a systematic increase i n  s o l a r  cell performance as t h e  a c t i v e  

center  densi ty  (measured by DLTS) decreases, v i z  Table 10. 

The T i  concentration near  t he  
is 1 . 7 6 ~ 1 0 ~ ~  cm-’; from there  it increases  then leve ls  o f f  t o  

a t  a d i s tance  of Q, 1 O v m  from the  surface. Thus, 

Therefore, 

The concentration p r o f i l e  data  a t  presentare  preliminary. 

Some fu r the r  experiments a r e  being conducted t o  subs t an t i a t e  t he  

accuracy of  t he  i n i t i a l  p r o f i l e  data.  

3.2.2.2 Mo-doped Si l icon  

I t  is c l e a r  from Figure 4 t h a t  t h e  e f f e c t  of POCR3 ge t t e r ing  
on the r e l a t i v e  c e l l  e f f ic iency  [q/rtB) is small f o r  Mo-doped s i l i c o n .  
A more careful  look a t  the  da ta ,  Table 1 2 ,  reveals  t h a t  t he  normalized 

c e l l  e f f ic iency  increased only t o  75% from an i n i t i a l  value of ?2% even 
after the  very intense ge t t e r ing  f o r  5 hours a t  l l O O ° C .  

i n  t he  c e l l  performance is small enough t o  r e s u l t  from process va r i a t ions  
(the da ta  represent  the average e f f i c i enc ie s  of 5-10 c e l l s )  o r  some 
inaccuracy i n  the  measurements and data  reduction. 

This va r i a t ion  

Therefore, we under- 
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TABLE I 

Profile of the active T i  concentration in the starting wafer 
and solar cell each containing a metLllurgicr1 concentration of 
2 . 1 ~ 1 0 ~ ~  cm-' T i  (Ingot W137Ti) 

STARTING WAFER 

0 

2.6 
4.8 
8.4 

9.6 

SOLAR CELL 

0 .4  
2 . 2  
4 .4  
6.0 

10.0 

6.90 x lo'' 
7.0 
7.0 
6.32 lot3 
7.0 

1.76 

3.19 x IOx3 
6.6 x 10 13 

7.18 x 
7.6 
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Figure 5 Depth Profile of Active T i  Concentration i n  an As-grown Wafer 
and Solar Cell Fabricated from a Si l icon Ingot Containing a 
Concentration ef 2.1~1014 cm-3 of Titanium 
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TABLE 12 

Yrriation i n  cel l  e f f ic iency  and trap concentration (NT) as a function 

of ge t t e r ing  treatment for Ingot 139 (or ig ina l  metal lurgical  Mo 

concentration 4 . 2 ~ 1 0  cm ) 
12 -3 

i:f'?TTE R I NC NORMALIZED CELL KT (Clll") of 
CC:<L) 1 TION EFFICIENCY (q/q3)> ( 9 )  EV+O. 30eV Trap 

\. \OTIC- 
(S tar t ing  wafer) 

Sone- 
Sol a r  Ce 11) 

100S°C/l h r .  

1 100°C/l hr. 

1 :00°C/2 h r .  

1 :w°C/3 h r .  

1 100°C/S hr. 

72.3 

76.1 

72.2 

75.7 

66.7' 

77.1 

75.3 0 

12 4 .45~10 

12 4 . 4 ~ 1 0  

12  

12 
4 . 7 ~ 1 0  

4 . 5 ~ 1 0  

2 .2x10l2 

l.Oxl0 12  
1 .35x1Ol2 

S 4x10 12 

33 



took t o  ex9ine i n  d e t a i l  t h e  ge t t e r ing  of Mo-doped ingot  W139Mo by 

deep 1 eve 1 t t ans  i ent  spectroscopy . 
To perform t h e  ana lys i s  t he  f ront  contact-grids were removed 

from the  s o l a r  cells. Thi r ty’mi l  diameter ‘Ci-Au contacts  then were 
deposited and mesas etched f o r  t h e  DLTS measurements. 
are l i s t e d  i n  the  r i g h t  hand column of Table 12. 

The DLTS r e s u i t s  

Mo exhib i t s  one peak i n  t h e  DLTS spectrum; ana lys i s  shows t h a t  
t he  anergy of t h i s  r e c o d i n a t i o n  cen te r  i s  E,,+0.3eV. 
concentration both i n  t h e  s t a r t i n g  material and i n  t h e  cells without any 

12 -3 ge t t e r ing  is about 4 .5~10  cm . This value is near ly  t h e  same as the  
metal lurgical  concentration of Mo i n  t h e  ingot ,  Table 12. This s t rongly  
suggests t h a t  a l l  t h e  Mo is e l e c t r i c a l l y  active i n  the  as grown ingot 
and t h a t  t he  a c t i v i t y  is  l i t t l e  af fec ted  by t h e  s o l a r  cell d i f fus ion  
cycle. 

The a c t i v e  Mo 

When t h t  ge t t e r ing  temperature is increased t o  l l O O ° C  f r o m  
950°C no s i g n i f i c a n t  change is produced i n  the  ac t ive  Mo concentration. 

(The small scatter of t h e  da ta  from 4 . 5 ~ 1 0 ~ ~  t o  5 . 4 ~ 1 0 ~ * c r n - ~  could be 
due t o  a s l i g h t  va r i a t ion  i n  the  impurity d i s t r i b u t i o r .  
were found for ingot  W138Mo. 
about 1x10l2 
1 . 5 ~ 1 0 ~ ~  c~n’.~.) 
t o  5 hours a t  l l O O ° C ,  we found a systematic reduction i n  ac t ive  Mo 
concentretion is observed, v iz .  Table 12, 
condition (1100°C/5hr) the e l ec t r i ca l ly -ac t ive  Mo concentration diminished 
t o  about 2 ~ l O ’ ~ c m ’ ~ ,  near ly  a f a c t o r  of 4 reduction from the  ungettered 
value. 
(DLTS data on ge t t e r ing  of T i  a t  l l O O ° C  f o r  5 hrs .  showed about 2 orders  
of magnitude reduction i n  ac t ive  T i  concentration compared t o  me ta l iu rg icd  
T i  concentrations i n  :he s t a r t i n g  ingot ) .  

::;qilar r e s u l t s  
In t h a t  ingot t he  Ma con,+ . tLu  ion was 

and the  ac t ive  Mo concentration i n  the  c e l l  was 4e 

:imever, when the  ge t t e r ing  time was extended from 1 

A t  t he  most in tense  ge t t e r ing  

Thus the  s l i g h t  increase i n  the  cell e f f ic iency  is  G real e f f e c t .  

This observation suggests t h a t  Mo is much more d i f f i c u l t  t o  

One g e t t e r  and thus may d i f fuse  more slowly i n  s i l i c o n  than does T i .  
r e s u l t  of t h i s  postulated behavior would be a s teeper ,  narrower impurity 
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p r o f i l e  for Mo than for T i  during ge t te r ing .  
cxpl r in  why no s ign i f i can t  performance improvement was detected even 
though the ac t ive  Mo concentration near t h e  junction was reduced four- 
fold. A series of experiments are being carried out t o  test t h i s  con- 
jecture .  

If t h i s  were so, it would 

3.2.3 Detailed Analysis of HCL Impurity Get te r ing  

As in t he  case of t h e  WE3 experiments, Section 3.2.2, we have 
car r ied  out a de ta i led  ana lys i s  of HCL Zettered specimens by DLTS. 
preliminary ana lys i s  of t h e  data, Table 13, shows t h a t  HCL ge t t e r ing  in- 
duced no systematic or s ign i f i can t  improvements i n  t h e  performance of 
b-doped solar c e l l s ,  a r e s u l t  somewhat similar t o  our experience with t h e  
wCL3 treatmemt. The DLTS data do show t h a t  t h e  Ho concentration (near 
t he  junction) diminishes by about h a l f  after a 1000°C/l hour treatment. 
Further increasing t h e  ge t t e r ing  i n t e n s i t y  had no appreciable  effect i n  

the  t r a p  density. 

A 

An explanation f o r  t h e  r a t h e r  poor response of Mo t o  ge t t e r ing  
t r e a t r e n t s  mav l ie  i n  t k e  way it d i f fuses  i n  t h e  s i l i c o n  lattice. I f  Mo 
di f fuses  slowly i n  s i l i c o n  as w e  suspect then a very narrow Mo deplet ion 
p r o f i l e  (<< 10 urn) may be formed during ge t t e r ing  i n  con t r a s t  t o  t he  wider 
p r o f i l e  i n  the  Ti-doped mater ia l ,  v iz .  Figure 5. This being so, t h e  
reduct ior  i n  Mo content measured by DLTS would l i e  very c lose  t o  the  
junction and affect only a very small port ion of t h e  c a r r i e r s  i n  the  wafer. 
The cell performance would show l i t t l e  improvement i n  t h i s  case. 

The main difference between the  WCE3 (Table 12) and HCll (Table 13) 

data appears t o  be the  a b i l i t y  of  t he  HCE treatment t o  reduce the  a c t i v e  
Mo concentration even a f t e r  t he  1000°C processing while temperatures of 

l l O O ° C  are required before P O C R 3  produces a measureable reduction i n  the  
center  density. This d i f fe rence  may stem from t h e  f ac t  t h a t  t he  POCR3 
get te r ing  produces a junction which is subsequently etched o f f  before the  
s o l a r  c e l l  fabr ica t ion  is ca r r i ed  out.  As much a s  12.5 urn of s i l i c o n  
may be removed a f i e r  P E E 3  ge t t e r ing  while only about 0 .1  um of  s i l i c o n  is 
etched away t o  remove the  

postulat ion of t he  narrow 
i n  the  amount of get tered 

i n t o  the  c e l l  performance 

oxide formed by HCIl ge t te r ing .  
Mo p r o f i l e ,  then we might  expect t h a t  var ia t ions  
mater ia l  removed could indue some v a r i a b i l i t y  
data.  

Following our 

35 



TAB& 13 

Variation i n  Trap Center Density and Relative C e l l  Eff ic iency 
as a Function of HCL Gettering Treatment for Ho-doped Si l i con  
(Ingot W-139-Mo) and Ti-doped Si l icon  (Ingot W-137-Ti). 

Cettering Condition 

None (cell) 

1000°C/l hr. 

1 100°C/ 1 h r  . 
1 lOO’C/S hr.  

Gettering Condition 

None (cell) 

1000°C/ 1 hr.  

llOO°C/l hr. 

1 1OO0C/4 hr .  

INGOT W139 HD 

NT(cm-3) 

4 .4x101* 
12 1.9xlO 

1 -9x10 12 

2.2x1012 

INGOT W137 TI 

NT(cm-3) 
13 1 .76~10 

s/ii@) 

72.3 

63.7 

70.0 

66.0 

I) / t lB(V 

42.8 

68.8 

73.1 

68.2 



For T i ,  HCL gettering raist. the  nlrtiw cell efficiency t o  
68.88 of baseline a f t e r  1 hour a t  1000.C compared with 42.8% ~ O T  the 
ungettered cell, Table 13. 
near the  junctions i n  these cells. 
and temperature raised nonr l i zed  cell efficiency t o  only 51%. 
T i  concentration of 3.94~10 l2 

We could detect  no e l ec t r i ca l ly  act ive Ti 
WCL3 gettering for the  same time 

An active 
was measured, Section 3.2.2. 

The difference i n  behavior again ray be ascribed t o  the etching 
subsequent t o  the  HCL and POClL3 treatments. 
the s i l i c o n i n  which the T i  concentration had been reduced was r e w e d  by 
etching after the  P0Ct3 treatment we might expect t o  observe a lower 
cell efficiency compared t o  the HCL-gettered cells (again recall tha t  
about 70% of the  so la r  radiation is absorbed i n  the first ten or so 

microns of t he  device). 

If a signif icant  amaunt of 

We plan t o  evaluate these ideas i n  some future  experiments. 

3.2.4. Model Analyses of Gettering Behavior i n  Sil icon 

The r e su l t s  of  the  get ter ing experiments described in  the 
foregoilia sections indicate s ignif icant  cell performance increases for 
T i  or Fe-doped s i l icon  after gettering and considerably less change for 
Mo-doped material. 
with previous impurity-cell performance datalD2 and (2) how r e a l i s t i c  is 
our picture of the gettering as a diffusion dominated process. 
two topics a re  considered belaw. 

Questions arise as t o  (1) haw these r e su l t s  correlate  

These 

3.2.4.1 Application of Cell Perfonaance Made1 t o  Gettered 
Devices 

We assme tha t  gettered samples d i f f e r  from the mget tered ones 
only in  terms oL t h e  degree of e lec t r ica l  ac t iv i ty  of the  impurity. 
is then possible t o  use t h e  impurity modellP2 t o  obtain a relationship 
between c e l l  performance and the change i n  impurity ac t iv i ty .  For t h e  
ungettered device: 

I t  
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*re Cl amqi CZx are constants defined as described in Reference B and 
nx is tl#t mtalluqical ' impr i ty  coacantration i n  the silicoa. 
the g e t t e d  device: 

And for 

where Ka is the  r e l a t ive  change in active inpurity centers. Solving 
(1) and (2) fir Ka: 

K can be determined experimentally fm t he  DLTS t r a p  density measure- 
ments or calculated d i rec t ly  from Eq. (3) using the  measured values of 
Inl and I,* obtained from the  solar  cells. A comparison of calculated 
and aeasured r e su l t s  for Ti and Mo-doped ingots is sham i n  Table 14. 

a 

The data for the two titanium doped ingots are well behaved 
but the values for NT and Ka calculated from the measured short  c i r cu i t  
currents are larger  than those measured by DLTS. This implies tha t  the  
total effect ive titanium t r ap  density i n  the so la r  cells is la rger  than 
is present i n  the  junction depletion region where the deep level measure- 
ment is -de. This is consistent with the  idea tha t  the  get ter ing of 
titanium is limited by its a b i l i t y  t o  diffuse t o t h e  phosphorus-rich surface 
region, and t h i s  resu l t s  in  a titanium concentration which is smaller near 
the surface and junction than in the in t e r io r  of the  base region. 
experiments l i k e  those described in  section 3.2.2 t o  examine t h i s  p ro f i l e  
w i l l  permit accurate calculation of the effect ive t r ap  deqsity and cell 
pemfonnance effects produced by t h e  ge t te r ing  processes. 

Further 
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m e  data for molybdenum, Table 14, are less well beh8ved and 
show considerable scatter. It is apparent however, that molybdsgu is 
not as readily gettered as is titanium, a point already noted in earlier 
discussions. The data also show the same general relationship between 
the calculated and maasured lMlbers, i.e the effective trap density in 
the cell is largerthan implied by the deep level concentration 
measurements. We conclude ,therefore ,that the gettering of molybdenum 
is also diffusion-limited and firtherrore, molybdenum either has a mch 
smaller diffusion constant than titaniumror phosphorus is unable to 
ccmplex and deactivate molybdenum as readily as titanium. 

3.2.4.2 Diffusion of Ti during WCE3 Gattering 

The gettering process can be examined mathematically 8s a 
diffusion process by assuming that at the phosphonu-rich surface region 
of the wafer the eetallic impurity is forced to a fixed cancentration. 
Before the gettering process the wafer is assumed to have a uniform 
initial impurity concentration throughout its thickness. 
dimensional diffusion equation is given by: 

The one- 

at 

where N(x,t) is the impurity concentration as a function of distance 
from the center of the wafer and the time of the gettering process. 
is the diffusion constant for the impurity in silicon. The general 
solution of (4) can be expressed as: 

D 

2 N(x,t) = (A sina x + B cos ax) e-(-a Dt) 

The boundary conditions, 

W W N (- +O) = N (7,O) = N, 

and N (x, 0) = No, 
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provide a so lu t ion  i n  series form: 

where W is t h e  sample thickness, and No and Ns are t h e  i n i t i a l  and 

sur face  impurity concentrations. 

While t h i s  so lu t ion  is s u i t a b l e  for fast d i f fus ing  impuri t ies ,  
t h e  series converges very slowly for s lowlydiffusing species o r  sho r t  
times. 
obtained which converges more rapidly.  

In t h i s  latter case a mathematically equivalent so lu t ion  may be  

W f2j+1)7 -x 
N(x,t) = N*-(N -N .T ( -1 ) j e r f c  

0 s [,=o 2 J D t  

Phosphorus ge t t e r ing  of t i tanium was examined experimentally 
using DLTS measurement on step-etched sur faces  t o  obtain the  concentration 
p ro f i l e .  
and Ns 8 8x10 /cm . 
appl icable ,  is located a t  t h e  n-p junct ion.  
t h i s  sample consis ted of an 850°C, 1 hour phosphorus d i f fus ion .  

13 3 /cm These da ta  shown i n  Figure S suggest values f o r  No P 8x10 
12 3 I t  is assumed t h e  ge t t e r ing  surface,  where Ns is 

l'he ge t t e r ing  process f o r  

F i t t i n g  the  s e r i e s  so lu t ion  given i n  ( 9 )  t o  these da ta ,  Figure 
6 ,  implies a d i f f u s i v i t y  f o r  titanium, D 0 = 1 . 2 7 ~ 1 0 - ~ ~  cm 2/ sec ( a t  850°C). 

This r e s u l t  is  about 3 times l a rge r  than the  value extrapolated from the  
data  of reference 5 which was obtained by T i  in-diffusion a t  temperatures 
between 1000°C t o  125OoC. 
agreement is c lose  enough t o  give the  model c r e d i b i l i t y .  

limited data  from more in tens ive ly  ge t te red  samples a r e  a l s o  i n  nominal 
agreement wi th  t h i s  r e s u l t .  

Although based on a s i n g l e  experiment the  
Moreover, 
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Figure 6 Calculated T i  Diffusion Profile i n  a Silicon Wafer 
Following Gettering i n  POCL3 at  85OoC 
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Besides providing a credible mechanism for the gettering 
results,the model coupled with the impurity profile data provides an 
interesting method for obtaining diffusion constants. 

Some additional colldents are warranted with regard to the 
The titanium concentration data used for the analysis were the d e l .  

electrically active concentrations observed by the DLTS measurements, 
and we have assumed a constant ratio of electrically-active center 
density to the metallurgical density; (this assumption is supported by 
DLTS data obtained f r m  samples doped with various metallurgical Ti 
concentrations). 
the linearity of the diffusion equation allows us to use either DLTS 
concentrations or metallurgical values and obtain the same result. 

Given a constant ratio of electrically active centers 

Impurities in a crystal lattice may occupy a number of non- 
equivalent positions, for example substitutional or interstitial. Such 
nonequivalent sites should be expected to have distinctly different bond 
relationships with the host lattice a.rd thus correspondingly different 
electrical activities. This mechanism in addition to precipitation or 
aggregation provides a basis for the observed difference between 
electrical activity and impurity concentrations. 

In a similar waysthe diffusion of impurities in a crystal is 
subject to site dependencies and,therefore,will display variation as a 
function of which mechanism is dominant. These considerations suggest 
that for some impurities we may expect non-linear influences on the 
gettering process due to temperature and complexing behavior. 
are in progress to examine these phenomena which may provide a basis for 
describing an optimum gettering procedure. 

Experiments 

3.3 The Synergic Interaction of Cu with Other Transition Elements 

In Reference 1 we showed that the cell performance of silicon 
devices contaminated with Ti or V could be improved somewhat by the addition 
of greater than 10” cm” Cu as -a co-dopant. 
utilized DLTS measurements to investigate this synergic behavior in more 
detail. The initial results can be understood with the aid of the data 

Since that time we have 
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i n  Table 15. 

(%), t he  e l e c t r i c a l l y  ac t ive  impurity concentrations i n  t h e  as -gram 
ingot (Ns) and cells made therefrom (Nc), t h e  ratios Ns/$ and Nc/NM, and 
f i n a l l y  t h e  normalized cell e f f i c i ency  for ingots  containing T i ,  V, o r  
Mo and the  same impuri t ies  p lus  a Cu addi t ion.  

In t h e  Table are l i s t e d  the  metal lurgical  impurity conceqtration 

From t he  data it is  evident t h a t  only about one t h i r d  of the  
t o t a l  metal lurgical  t i tanium added t o  the  ingot  is ac t ive .  

of 2x10” cm‘3 of Cu reduces t h i s  ac t ive  f r ac t ion  i n  t h e  as-grown material 
t o  0.26. (based on the  EV+0.3eV t r ap ) .  A similar decrease i n  t h e  active 
T i  r a t i o  (Nc/NM) i n  t he  cell t o  0.04 f r o m  0.08 when Cu is added accounts 
for t h e  improvement i n  r e l a t i v e  c e l l  e f f i c i ency  t o  485 of  base l ine  
compared t o  42% when Cu is absent. 
concentrations may not  apply to  the  bulk wafer due t o  the  concentration 
p r o f i l e  formed during c e l l  d i f fus ion ,  Section 3.2.2) 

The addi t ion 

(The absolute  values of impurity 

In t h e  case of vanadium only about 0.087 of the  metal lurgical ly-  
added element remains e l e c t r i c a l l y  ac t ive  i n  t h e  as-grown ingot .  
Cu is added a t  a concentration of a b m t  2x10 the  ac t ive  vanadium 
f rac t ion  diminishes t o  0.073, again i l l u s t r a t i n g  a small but  observable 
synergic effect (here the  a c t i v i t y  r e f e r s  t o  the  concentration of 
EV+0.42eV t r aps ) .  
vanadium i n  t h e  cells, information which i s  necessary t o  explain the  
r a the r  la rge  improvement i n  cell  efficiency-38 t o  57% of basel ine-  

accoxpanying the  Cu addi t ions.  

When 
15 

A s  yet  we have no da ta  f o r  t he  a c t i v i t y  ra t io  of 

Nearly a l l  of t he  Mo added t o  t h e  ingot is e l e c t r i c a l l y  a c t i v e  

i n  t he  as-grown wafers (and i n  the  s o l a r  c e l l s  as  wel l ) .  
t he  Mo-doped mater ia l  produces no s i g n i f i c a n t  change i n  the  concentration 
of e l e c t r i c a l l y  ac t ive  Mo species  o r  i n  the  c e l l  performance. 
t h a t  unl ike T i  or  V no synergic react ion between Mo and Cu occurs. 

Adding Cu t o  

We conclude 
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3.4 1nvest.igations of Anisotropic Impurity Distributions in Silicon 

Recent effort on this task has primarily been to prepare 
impurity-doped material for subsequent assessment of any deleterious 
effects on cell performance due to non-uniform impurity distribution. 
Two types of crystakhave been produced, 7.6cm diameter Czochralski 
ingots, to Ftudy impurity behavior in silicon produced by conventional 
growth processes3 and 3 to 4 cm wide silicon webs on which we plan to 
evaluate impurity effects in ribbon-type silicon. 

6 

Previously we showed that Ti and Mn, impurities which diminish 
cell performance by reducing bulk lifetime: produced no excess 
performance degradation on large diameter wafers that could be ascribed 
to non-uniform impurity distribution.' We 'lave now grown two more 
large diameter Czochralski ingots doped, respectively, with 2.4~10 Cu 
and 5.1~10 Fe. Cu degrades cell performance primarily by junction 
mechanismswhile Fe affects the junction as well as bulk lifetime. 
Wafers from these two ingots, W-172 and W-173 are now under evaluation, 
and should provide us with data on any contrasts in behavior due to the 
different degradation mechanism involved. 

16 
14 

We have also prepared silicon web crystals doped with Ti and V 
13 -3 at target levels of about 1.2 and 1.5~10 cm , respectively. The 

variation in cell perr -aance and electrical properties across the 
ribbons (whicn are 3 to 4 cm wide) will be examined via miniature 
solar cells and deep level transient spectroscopy. 
properties of the ribbons associated with transverse variations in 
impurity concentration should be evident. 

Any variation in the 

3.5 The Permanence of Impurity Effects in Silicon Solar Cells 

To determine the stability of cell characteristics under 
long term operating conditions, we are carrying out a series of high 
temperature heat treatments on both contacted and uncontacted wafers. 
Following thermal stressing the'wafers are contacted where required and 
the solar cell parameters are determined. By proper modeling of these 
high tempeyature effects it should be possible to approximate the time 
to failure for the impurity-doped solar cell operating under realistic 
conditions. 
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The experimental procedure has been describe; earlier3, but 

b r i e f ly ,  selected wafers are annealed under d i f f e r ing  thermal stresses 
and the  c e l l  r e s u l t s  compared t o  base l ine  wafers t r ea t ed  i n  t h e  same 
way. 

Most of the  data gathered thus  far have been measured an ingots  
doped with T i  and Mo: 

W123Ti-008 ( l ~ l O ~ ~ T i / c ~ n ~ )  

WO77Mo-001 (4.2~10~~11o/cm 3 ) 

In  addi t ion,  i n i t i a l  

in  t h i s  report .  The 

14 data  on ingot W072CrO05 ( 2 . 8 ~ 1 0  Cricm3) is give- 
basel ine ingot WO97-00-000 has been processed 

concurrently with the  impurity-doped material i n  a l l  tests. 

Our i n i t i a l  s tud ies  indicated t h a t  t h e  contacted solar cells 
Dark I - V  da ta  indicated f a i l e d  after a short period of time at  500°C. 

junction degradation which we assume is due t o  the  d i f fus ion  of the  

contact metals (Ti-Pd-Ag) i n t o  the  junct ion.  Since the  main t h r u s t  of 
the  invest igat ion now is t o  evaluate  long term e f f e c t s  due t o  the  
e l ec t r i ca l ly -ac t ive  dopant o r  metal contaminant i n  t h e  bulk mater ia l ,  
a l l  high temperature experiments have been ca r r i ed  out on diffused but  
uncontacted wafers. 

We reported da ta  f o r  aging experiments on Mo and T i  ingots  up 
t o  8OO0C i n  the  last report.' The T i  ingot exhibi ted e s sen t i a l ly  no 
change i n  proper t ies  a f t e r  100 h r s  a t  8OO0C, while t h e  c e l l  performance 
of the  Mo ingot dropped t o  about 0.95 of i t s  unannealed value;( the base- 
l i n e  ingot degraded t o  0.8 of i t s  unannealed value a f t e r  t h i s  same 
treatment). 

Further aging tests have now been ca r r i ed  out  on the  Mo and T i  
ingots. In  these t e s t s , t h e  wpfers were annealed a t  900°C f o r  1, 10, 
and 100 hours, Table 16. As i n  t h e  8OO0C cases ,  t h e  Ti-doped ingot 
shows l i t t l e  change i n  e f f ic iency  a f t e r  100 h r s  a t  900'C (4.94%-4.65%). 
The eff ic iency of both the  Mo and base l ine  c e l l s  decreased by more than 
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TABLE 16 

AGING OF TI AND MO-WoED SILICON AT 900°C 

W097 Baseline 
w077 ?lo 
W123 Ti 

ISC vOC 
FF n 'OCD 

As Fabricated 
W-097 21.20 .s54 .738 9.16 4.6 1 .o 
W077 18.80 .515 .703 7.18 .9 1 .a 
W123 13.95 ,485 ,691 4.94 .a 1 .o 

1 HR - 9oooc 
W097 20.25 .536 .742 8.67 2.5 .95 
W077 17.90 .SO4 .700 6.68 . 5  .93 
W123 13.80 .489 .706 5.04 . 7  1 .c\ 

10 HRS 9oooc 
W097 15.40 .SO2 .677 5.53 . 7  .60 
W077 10.30 ,434 .685 3.24 .9 .45 

W123 15.60 .488 .690 4.87 6 .99 -. - 
100 HRS 9oooc 

W097 9.9 .446 .703 3.25 .7 .35 
W077 9.50 .418 .664 2.79 . 5  .39 
W123 13.10 ,483 .697 4.65 .6 .94 

-_-_----_--_-------________c_c__________-----------.------.---_--------- 
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ate half  of t h e i r  unannealed value. The last colum (a/%) i n  Table 16 
is the  ratio o f t h e  efficiency after annealing to the  unannualed value. 

If we define time t o  fai lure  as the  the, at a given teapera- 
ture,for rhich the efficiency decreases t o  90% of the  unmnealed value, 
it is possible t o  extrapolate the 800% and the  900.C data to  determi3e 
the time dependence at  any lower tarperrture.  The data for t h i s  
calculation are given i n  Table 17. Ne estimate that  the IIupcbers i n  
Table 17 am accurate t o  - 4 50%. 

- 
Plotting the data i n  Table 17 in  an Arrheniw foxm allows us 

t o  estimate tha time to  f a i lu re  near the typical roximm operatie 
teapemture of a deployed s01.r a m y .  
in  Figure ? f v  both the baseline and Mo-doped speciaens. Clearly, 
e x t r a p l a t i o n  fkom such l i a i t e d  data Over several orders of magnitude 
csn give a i s l e d i n g  resul ts .  However, assuming the wors t  possible 
error as a first order approxirration,this extrapolation gives a time to  

5 5 failure a t  200.C as > 10 hrs  (20 years: 1.7Sx10 hams). The precision 
o f t h e  extrapolation w i l l  be improved as more data are collected. 

This extrapolation is f l t u s t za t ed  

14 

added to  the study. In view o f t h e  re la t ive ly  small effects exhibited 
by Ti and Mo at  lower annealing teaperatures the  tests on the  Cr-doped 
material were begun a t  800.C. Since C r  is a f a s t  d i f fuser  i n  S i ,  data  
for 8OO0C, 6Oo0C, and SOO°C should suf f ice  to  derive a time t o  fa i lure .  

A Cr-doped ingot (WO72CrOOS-2.8~10 Cr/& has recently been 

Sn Table 18 are l i s t e d  the 8OO0C annealing data  f o r  the C r -  
doped ingot; baseline data a r e  included f o r  collparison.With the same 
definit ion for time t o  f a i lu re  noted above the  C r  ingot falls t o  90% of 
its i n i t i a l  value i n  2 hours at 800OC. These experiments w i l l  continue 
i n  succeeding months. 

3.6 The Effect of Construction Material Contaminants on p-base Solar Cell 

We showed i n  Reference 1 tha t ,  for the majority of impurities, 
the mechanism of performance reduction i n  silicm. so lar  cells was t he  
inpairnent of bulk lifetime by the  formation of carrier recombination 
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TABLE 17 

WOOC 

INGOT 

W097 BASE 

W077 Mo 

WI23 Ti 

9ooOc 

NO97 BASE 

W077 Mo 

W123 Ti 

TIME TO FAILURE (90% OF UNANNFALED PERFORMANCE) 
FOR BASELINE AND METAL-DOPED INGOTS 

HRS TO FAILURE (4 - SO%) 

so 

100 

300 

1 . 5  

1.5 

300 

HRS TO FAILURE = Time a t  given temperature a t  
which cell e f f ic iency  decreases 
to  90% of unannealed value 
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Figure 7 Time to Failure (90% of unnnealed cell performance) 
for Baseline and Mo-doped Silicon 
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TABLE 18 

AGING OF Cr-DOPED SILION AT 800.C 

wO72CR005 

lW9700000 

ISC vOC FF 11 n h o  
As Fabricated 

WOO7 22.20 .577 .727 9.85 s .o 1.0 

W072 Cr 20.43 .542 .746 8.73 2.3 1 .o 

1 HR e 800.c 
m97 22.00 .551 .739 9.40 5.0 -95 
W072 Cr 20.04 .534 .731 8.23 1.6 -94 

10 HR @ 8OO0C 
m97 21.35 .545 .744 9.20 6.5 .92 
U072 C r  18.55 -521 .713 7.29 .9 .84 

100 HRS C 800'C 
W097 18.80 .553 .743 7.85 3.0 .82 
W072 Cr 13.93 .476 .679 4.76 .9 .55 
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centers. This result led us to foimlate an impurity-performnce model 
-elating cell efficiency to the ruarnts of single, or multiple metal 
species present in the silicon 
imprities present in the raw materials from which poly-cystalline 
silicon is made, has now been augmented with information on contaminants 
likely to be introduced during subsequent processing ofthe silicon. 
These W r i t i e s  include W, Ta, Mo, Nb and Co, comotily employed as 
refractory components in high teaperature process equipment such as 
crystal growth furnaces. 

The original data, based primarily on 

-. 
Figure 8 depicts the variation in cell performance with 

iqurity concentration for the refractory netals as well as for im- 
prities previously studied. The curves are derived fitting the 
impurity effects model to the cell perfomance and impurity concen- 
tration data. 
results to reflect an increase in the number of ingots studied and 

improvements in the segregation coefficient data (see section 3.1.1). 
The projected curves for W, Nb, and Co are based on at most three 
data points and m s t  be considered preliminary at this time. 

For Mo and Ta, thecarveshave been revised from earlier 

One remarkable aspect of the relationships plotted in Figure 
8 is the general regularity of impurity behavior with position in the 
Periodic Table. 
row, Cu and Ni, have the least impact on perfomance. 
the left the severity of performance degradation increases being modest 
for Co, Fe, Mn and Cr and severe for Ti and V. 
Table performance degradation increases with atomic number; for example, 
T a i s  worse than Nb which is in turn worse than V .  
segregation coefficients for crystal growth (Table 1) generally are 
smallest for the most harmful impurities, nature has, in a sense, 
mitigated the situation. 

Elements located to the right in the transition metal 
As one moves to 

Within a column of the 

Since the impurity 

3.7 Degradation of N-base Solar Cells by Impurities 

3.7.1 Single Impurity Behavior 
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We have augmented the  previous results on n-type silicon with 
information from second and th i rd  generation ingots (W147 t o  150 and 
W153 t o  156) doped with N i ,  m, Fe, V, Ti, Cr and Mo as well as the  
first nultiply-doped n-type ingots (W157 t o  159 and W177 and 178). "he 

revised impurity-performance curves, Figure 9, for single  impurities 
confirm the general conclusions developed earlier. 1 

As for p-base devicesathe observed cell performance degradi- 
t ion can be modeled on the basis of a reduction i n  bulk lifetime due t o  
the formation of recombination centers by the  contaminants. 
for Ni-connected by a dashed l i n e  i n  the figure--are the  most notable 
exception. 
gradation mechanisms, ra ther  than lifetime reduction, are the dominant 
mode for the decrease i n  cell efficiency. 

The data  

These points cannot be f i t t e d  to our modelsince junction de- 

We pointed out before that  for many impurities device per- 
formance seemed t o  be less effected i n  the  n-base cells than i n  compar- 
able p-base cells.' 
Figure 10. In the figure we plot the threshold impurity concentrations 
(Nox) for which cell performance reduction i n i t i a t e s  i n  each of the two 
types of devices. 
impurities behaving ident ical ly  i n  n and p-L..se ce l l s ,  points above the 
l ine  indicate impurities which.produce - less degradation i n  n than i n  
p-base cells. 
in  the formor. 
more severely, apparently by junction mechanisms. 

This behavior can be visualized with the  aid of  

Points f a l l i ng  on thc 4S0 l i ne  i n  the graph are for 

The majority fa l l  i n  the latter catagory, C r  acd Fe being 
Only Cu and N i  (not i l lus t ra ted)  degrade the n-devices 

3.7.2 Effects Due t o  Multiple Contaminants 

By means of the model coefficients used t o  derive the curves 
in  Figure 9, we can also project the expected performance of so lar  cells 
doped w i t h  multiple contaminants.' 
t ra t ions i n  the multiply-doped n-base ingots we have studied so far. 
comparison of the projected and.measured cell performance data fo r  the 
ingots is  given i n  Table 20. Generallyathe data show f a i r  agreement 
between the expected and observed values. 

Table 19 lists the impurity concen- 
A 
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Figure 10 Comparison of Impurity Behavior in N and P-Base Solar Cells 
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TABLE 19 

IMPURITY CONCENTRATION OF WLTIPLY-WPED N-BASE INCOTS 

Impurity Concentration (ca-5 
Ingot Ti V Cr Mn 

W1S7 8 ~ 1 0 ~ ’  1.2xlO - - 
W158 5x1d3 5 x d 3  5.5xlO 

14 

- 14 

14 

15 

14 3 . 2 ~ 1 0  

1 . 2 6 ~ 1 0 ~ ’  

w1s9 2x1~13 2x1~13 3 . 5 ~ 1 0  

1.2xlO W176 - - 
W178 8x1Ol3 - - 8 .6x1Ol4 

58 



TABLE 20 

COMPARISON OF MEASURED AND CALCULATED CELL PERFOHANCE 
FOR MULTIPLY-DOPED N-BASE INGOTS 

Isc/I S C O X l ~ O  n/ooxlOO * 

86.0+8.4 - - 
Innot Measured Cal cu la t ed Measured Calculated 

77.1+5 .O 157-Ti/V 82.5+ - 1.9 
158 -Cr/Ti /V 88.1+1.4 - 84.9+9.1 - 80.4+5.6 - 
159 -Cr/Mn/Ti /V 

81.0+11.0 

79 2+11.8 - 
74.6+12.7 85.9+ - 8.8 
78.6+7.4 

- 

- 90.2+6.4 - - 
177-Cr/Mn - 81.4+10.7 - 

88.3+1.3 

84.7+5 .O 75+13.4 - 
178-Mn/Ti No cell data available 

* 
See section 4.3 and 4.4 of Reference 1. 
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4. coNcLus1oNs 

The segregation coefficients of W, Ta, and Co detemined from 
neutron activation analysis data are very small for Czochralski silicon 
crystal growth: kw = 1.7x10m8, %a = 2.1~10-~ and kco = l.OxlO-'. The 
values are consistent with those for other nearby elements in the 
Periodic lhle, e.g. kb = 4.5~10-~ is very close to the values for Ta 
and W while kNi = 3.2~10-~ is similar to the Co value. 

The gettering of Ti, Mo and Fe by high temperature w C L J  and 
HClG treatments is a diffusion-controlled process in which the impurities 
move outward from the bulk wafer to the phosphorus-(or chloride) rich 
surface of the material. Deep level spectroscopic measurements of the 
Ti recombination center density in POCfi3-gettered wafers show a concen- 
tration gradient in which the trap density is lowest near the surface 
then recovers to the (pre-diffusion) bulk value within 10 to 12um into 
the wafer. 
function assuming Ti aut-diffusion; the value of the Ti diffusion constant 
calculated this way is about 1.27x10-" cm /set, a magnitude consistent 
with published diffusion data. Mo, in contrast to Ti, appears to diffuse 
much more slowly in silicon so that gettering treatments are less 
effective for improving cell efficiency in this case, 

The concentration profile can be fit by a mathematical 

2 

We have derived impurity-performance curves for Mo, Ta, W, 

Nb, and Co on the basis of the most recent impurity and cell data, while 
the computations are somewhat preliminary, the data confirm trends 
observed earlier for other impurities: (1) elements farthest to tho right 
in a row of the periodic table have less impact on cell performance than 
those to the left, e.g. Cu is relatively benign while Ti severely degrades 
performance; (2) within a collum, of the periodic table performance de- 
gradation increases from upper to lower position, e.g. V is less-harmful 
than Nb which is in turn less harmful than Ta; (3) elements which degrade 
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cell perfo-nce more have smaller segregation coefficients for crystal. 

growth. 
t h e  onset of c e l l  performance d e g r a d a t i q a n d  one of t h e  smallesr keff 
values. 

O f  t h e  elements we have s tudied Ta has t h e  lowest threr:  o : l  for  

Impurity-performance curves fo r  n-base c e l l s ,  updated with 
second and t h i r d  generation ingot data, i l l u s t r a t e  t h a t  most impuri t ies  
are less harmful t o  n than p-base c e l l s .  For example, Mo, Mn, A l ,  Ti, 
and V fa l l  i n  t h i s  catagory. 
kinds of c e l l s  while Cu and N i  pruduce s l i g h t l y  g r e a t e r  degradation (by 
junct ion mechanisms) i n  ' the  n than i n  the  p-base devices. 

Fe and Cr behave about t h e  same i n  both 
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5;  PROGRAM STATUS 

The program is on schedule as indicated by t h e  currcr-t mile- 
s tone chart, Figure 11. 

5.1  Present S ta tus  

During thepas t  repor t  period we: 

e 

0 

0 

0 

0 

e 

0 

0 

0 

0 

prepared s ixteen ( 'zochralski ingots  doped r t h  var ious 
metal contaminants for subsequent chemical, microstructural ,  
e l e c t r i c a l  and s o l a r  cell evaluation. 

completed the  mass spectroscopic ana lys i s  of a l l  ingots 
grown a s  well as s c n s i t i v e  neutron acti\rat.ion ana lys i s  

of selected ingots. 

made the  first reported measurements of t h e  segregation 
coe f f i c i en t s  of  tcngsten and tantalum i n  s i l i c o n .  

completed HCR ge t t e r ing  experiments on Fe, Mo, and Ti-doped 

si1 icon. 

extended POCli3 ge t t e r ing  temperature range t o  12OO0C. 

peiPormed a de ta i l ed  assessment by deep l eve l  spectroscopy 
of  T i  and Mo ge t t e r ing  by POCfi3 and HCfi. 

mapped the  p r o f i l e  of T i  impurity d i s t r i b u t i o n  following 
POCa3 get te r ing .  

extended ag-ng s tud ie s  of impurity e f f e c t s  i n  s j l i c o n  t o  
90oOc. 

prepared s i l i c o n  webs doped with T i  and V f o r  anisotropy 
invest igat ions.  

modeled the  behavior of construct ion material impuri t ies  
and metal impuri t ies  i n  n-base s i l i con .  
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5.2 Future Activity 

During the next quarter the majority of the experimental work 
on construction materials, anisotropy effects, n-base impurity effects 
and gettering of T i ,  Mo, and Fe w i l l  be completed. 
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Appendix 1. 

U-129-00-000 (7.6 CI.) 

Y-130-00-000 (7.6 CI.) 

U-l3l-?bt-008 (7.6 CI.) 

W-lft-T*-003 
Y- 1 3 3-00-000 

U-131-Ti-009 
U-l35-Fe-005 
U-136-Fe-006 
U-137-Ti410 

w-1x-)b-005 

U-139- lb-a  

W-140-Ti-011 (7.6 CIR.) 

U-l4l-~lCu-001 
uh2-moo0 

w h i  -k-Ool  
u-143-ti-002 

U-145-W-001 

W-146-C0-001 

W-147-N/Ni-O02 
W-148-N/b-002 

W-149-N/Fe-003 
W-150-N/V-O03 
U**-l5 1-00-000 
W -152-Ti-001 
** 
U-l53-N/Ti-O03 

W-154-N/Cr-003 
W-155-N/M0-001 
W-156-N/M0-002 

Ingot Impurity Concentration 

Target 
Cone en t t a  t iona 

X L O ' ~  rttmsjcm 
~~ ~ 

MA 
MA 

0.6 

0.0002 

NA 
0.05 

1 .o 
0.3 

0.21 

0.001 

O.ooG2 
0.18 

0 .  OOt 14.62 

NA 

0.20 

0.004z 

0.001 

0.55 

0.4 
0.60 

0.60 

0.03 
NA 
0.2 
0.01 

0.55 

0.001 
0.004 

Calculated 
Concentration 

xlol' .torrlcma 

HA 
NA 
0.55 
O.OOO9 
M 

0.03 

0.78 

0.24 

0.21 

0.0008 

0.0056 

0.18 

0.003/3.68 

NA 
0.17 

0.0044 
0.00085 
0.39 
0.33 
0.76 
0.58 

0.03 
NA 
0.22 
0.017 
0.71 

0.001 

0.003 

as. spec. 
Anrlysls 

XlO- 

M 
NA 

0.55 
<0.5 

N A '  
<OD 25 

<105 
(1.5 

<QI 25 

(0.5 

<o. 5 

<0.25 

<0.5/4.00 
HA 

<0.25 

<0.5 
50.15 

0.55 

<1.5 
0.55 

(1.5 

(0.15 

NA 
( 0 .  25 

( 0 . 2 5  

0.35 
(0 .50 

(0.50 
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Appendix A. Ingot Impurity Concentration (cont.) 

Target 
I n e t  Concentration 
Identification XIO’ %toms/cr3 

V-lSt-N/Ti/V-Wl Ti:  0.10 

I?: 0.10 

V-l58-N/Ti/V/Cr-001 Ti: 0.05 

v: 0.05 

Cr: 0.60 

** U-160-Ti-001 

U-l6&-Ii-&W2 
U-162-NiJTi-001 

W-163-Ni/V- 001 

U-lS9-~/Crhin/Ti/V-ool Cr: 0.4 

lh: 0.4 

Ti :  0 .02  

v: 0.02 

0.2 

0.02 
Ni: 1.0 
Ti: 0.2 

Ni: 1.0 
v: 0 . 4  

Ni: 1.0 

W-166-Fe-007 
W-167-Nb-001 

W* 168 - Ph - 002 
t 

W-169-Ph- 004 

W-170-Ph-005 

W-171-W-002 
W-172- Cu-006 (7.6 cm) 

No: 0.004 

eo: 0.11 
Fe: 0.9 

Nb: Max 

31 

40 

56 

0.002 

10 

Calculated 
Colic en tra t ion 

no’ *atoms/cr3 
0.08 

0.12 

0.05 

0.05 

0.55 

0;35 
0.32 
0.02 

0.02 

0.17 
0.03 
1 .21  

0.16 

1-01 

0.44 

1 .23  

0.004 
0.11 

* 1.06 

Processing 

NA 

NA 

NA 

Incomplete 

32 

a s s  spec. 
AMlysis 

xi01 S8tolpS/CQ 3 

<O. 25 
(0.15 
<0.25 

< O . l X  
0.33 
0.20 
0.25 

(0.25 

<0.15 
<o. 2s 

<O. 25 
(1.5 
<0.25 

c1.5 

0.15  

<1.5 
(0.5 

<O.SS 

a . 5  

<o. 15 

(105)+ 

(141)’ 

(1 50)’ 

<0.15 

24 
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Appendixl. Ingot Impurity Concentration (Cont.) 

Target 
Concentrat ion 

Ingot 3 Identification x atoms/= 

W-173-Fe-008 (7.6 aa) 0.64 

W-174-Ta-004 0.004 

W-175-W-003 0.0003 

W-176-00-000 NA 

W-177-N/Cr/Mn-001 Cr:l.O 
Mn:1.3 

k'-178-N/Mn/Ti-001 Mn:l.O 
Ti:O.l 

W*179-Ph-006 21 

W2180-Ti-001 0.2 

W-18 1-Cr -006 1.0 

W-182-Cr-007 0.25 

W-183-Nb-002 20% Max. 

W-184-Pd-001 Max. Conc. 

W-185-Cu/Ti-004 

W-186-C0-003 

W-187-C0-004 

Calculated 
Concentration 

x atcms/cm 3 

0.51 

0.0044 

0.0003 

NA 

1.20 
1.26 

0.86 
0.08 

NA 

0.13 

1.04 

0.37 

Processing 

Processing 

Cu:1.7 Processing 
TI:0.2 Pr oc es s ing 
0.01 Processing 

0.0s Processing 

Mass Spec. 
Analysis 

x atoms/cm 3 

(1.5 

(0.50 

<0.15 

NA 

1.0 
2.7 

2.8 
<0.25 

(73)+ 

<0.25 

1.0 

0.65 

(0.15 

Processing 

Processing 
Processing 
Processing 

Processing 

* Low resistivity p-type ingot (< - 1 0-cm). 
* *  30 R-cm p-type ingot. 
+ Value based on resistivity measurement. 
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